Thermosensitive Escherichia coli mutants mapping in F-91128 Palaiseau cedex, France the pth gene were isolated, thereby indicating the essential 1 Corresponding author character of PTH (Atherly and Menninger, 1972; GarciaVillegas et al., 1991; Menninger and Coleman, 1993) .
Introduction
PTH is usually assayed with N-blocked aminoacyltRNAs (Kössel, 1969) . Notably, however, formylIn the course of the elongation of a protein, peptidylmethionyl-tRNA f Met is resistant to attack by PTH (Kössel tRNAs can dissociate prematurely from the ribosome, and RajBhandary, 1968; Schulman and Pelka, 1975) . This resulting in abortive polypeptide chain termination behaviour enables the cell to keep this tRNA intact for (Menninger, 1976 , and references therein). Such a disruptranslation initiation. The main structural feature accounttion of translation depends heavily on the tRNA involved, ing for the resistance is the absence of a strong base with tRNA Lys dissociating 30-fold more frequently than pairing at position 1-72 in the prokaryotic initiator tRNA tRNA Gly for instance (Menninger, 1978) . The peptidyl- (Schulman and Pelka, 1975; Dutka et al., 1993) . InteresttRNAs which accumulate in the cytoplasm are toxic for ingly, this feature of tRNA is also the major determinant the cell, by either impairing the initiation of translation allowing the reaction of methionyl-tRNA f Met transformylor slowing down protein synthesis through a limitation ase (Lee et al., 1991; Guillon et al., 1992) . Therefore, the of the corresponding tRNAs (Chapeville et al., 1969;  same identity element at the top of the acceptor stem of Menninger, 1976; Atherly, 1978) . tRNA f Met accounts for both formylability and resistance Activities capable of recycling peptidyl-tRNAs into to PTH. The rate of hydrolysis of an N-blocked aminoacyltRNAs have been characterized in prokaryotes (Cuzin tRNA by E.coli PTH also depends markedly on the 5Ј-et al., 1967; Kössel and RajBhandary, 1968; Kössel, 1969) , phosphate of the substrate (Schulman and Pelka, 1975) . in yeast (Kössel and RajBhandary, 1968; Jost and Bock, 1969) and in higher eukaryotes (Gross et al., 1992a,b) . In It is likely that the requirement for base pairing at position 1-72 in the tRNA substrate is related to the necessity for a nine-stranded mixed β-barrel (Koellner et al., 1997) . Because of this marked difference and the lack of relationprecisely adjusting the position of this phosphate group within the active site of PTH.
ships between the activity of the phosphorylase and that of the PTH, this comparison was not investigated further. To understand the structure-function relationships of PTH, the determination of its three-dimensional folding is of particular interest. The enzyme previously was
Comparison of the structure of PTH with that of the aminopeptidase from Aeromonas proteolytica crystallized in a form suitable for X-ray studies (Schmitt et al., 1997) . The present work describes the corresponding
The structure of PTH also resembles the three-dimensional structure of an aminopeptidase from Aeromonas proteothree-dimensional structure at 1.2 Å resolution.
lytica (Chevrier et al., 1994) . This peptidase contains 291 residues and two catalytic zinc ions. Although the topology
Results and discussion
of the aminopeptidase ( Figure 1B ) differs from that of PTH, the two three-dimensional structures and, in particu-
Structure resolution
Orthorhombic crystals of PTH having unit cell parameters lar, the central twisted β-sheet, are partly superimposable. The best fit was obtained by partial alignment of the seven of a ϭ 47.2 Å, b ϭ 63.6 Å, c ϭ 62.6 Å and belonging to space group P2 1 2 1 2 1 were obtained as described (Schmitt β-strands and of helices α1, α2, α3 and α5 of PTH, with the central core of the aminopeptidase. This core is made et al., 1997). The structure of PTH was solved from these crystals by multiple isomorphous replacement (MIR) using of seven out of the eight strands (excluding β7) of the peptidase, plus helices α4, α5, α7 and α8 ( Figure 1B ). four derivatives. The final refined model of PTH includes all 193 residues of the enzyme. A total of 181 water
The superimposition led to a final r.m.s. deviation of 2.3 Å for 102 pairs of Cα compared. molecules have been placed in the asymmetric unit. The crystallographic R-factor is 19.6% for 50 645 unique PTH behaves as an esterase. However, it is also capable of hydrolysing the amide bond between a peptide and a reflections between 8.0 and 1.2 Å (2σ cut-off). The free R-factor (Brünger, 1992b) , calculated with the remaining modified tRNA with a 3Ј-amino 3Ј-terminal adenosine (Shiloach et al., 1975b) . This property reinforced the 3276 reflections, not included in refinement, is 21.5%. The root mean square (r.m.s.) co-ordinate error was validity of our comparison of the catalytic site of a peptidase with the structure of PTH. The two zinc atoms estimated to be~0.15 Å (Luzatti, 1952) . The model has a good geometry, with an r.m.s. deviation from ideal of the aminopeptidase are liganded by five residues (D117, H97, H256, E152, D179) and one water molecule geometry of 0.008 Å for bond lengths and 1.6°for bond angles. All residues, except Phe66, have φ and ψ angles (Chevrier et al., 1994) . H20 of PTH is superimposable on the D117 zinc ligand of the aminopeptidase (Figure 1 ).The within the allowed regions of the Ramachandran plot, with 95.6% in the most favoured region. The average side chains of D93 and H113 of PTH have approximately the same positioning as the D179 zinc ligand of the temperature factor is 17.0 Å 2 for all protein atoms and 33.9 Å 2 for solvent atoms.
aminopeptidase, and point towards a position which in the aminopeptidase is occupied by a metal ion. Notably, the carboxylate of D93 in PTH interacts with ring nitrogens
Overall structure PTH behaves in solution as a monomer (Kössel, 1969) . of H20 and H113. However, no strong electron density peak able to account for a metal ion could be observed in The crystals used contain one molecule in the asymmetric unit, and the fraction of the unit cell occupied by protein the PTH structure. Instead, well-ordered water molecules occupy the cavity of PTH. One of these water molecules is atoms is 54.5%. The enzyme is composed of a single α/β globular domain ( Figure 1A) . A central mixed β-sheet is located at hydrogen bonding distances from a carboxylate oxygen of D93, from the carbonyl oxygens of L8 and formed by two antiparallel strands (β2 and β3) followed by four parallel strands (β4, β1, β5 and β7) and one H20, and from the main chain nitrogen of G23. Removal of a metal from PTH during crystallization was unlikely, antiparallel strand (β6). This β-sheet is twisted by~90°, and is surrounded by five α-helices. Helices α2 and α3 because an intact and fully active enzyme was restored when the crystals were dissolved. are located on the same side as the C-terminal part of strand β2, whereas helices α1, α5 and α6 are located on Nonetheless, the affinity of the enzyme for metal as well as a possible role for divalent ions in the catalytic the opposite side, near the N-terminal part of the β2 strand. Finally, helix α4 is located above a crevice, at the activity of PTH were assayed by other methods. On the one hand, after dialysis of homogeneous PTH against a C-end of the four central parallel strands ( Figure 1A) .
A schematic representation of the topology of the buffer containing 0.1 mM EDTA, zinc, cobalt, manganese and magnesium were analysed by atomic absorption enzyme is shown in Figure 1A . It resembles one subunit of the homotrimeric purine nucleoside phosphorylase spectroscopy (see Materials and methods). None of these metals could be detected with a stoichiometry greater than from calf spleen (Koellner et al., 1997; C.Mao, M.Zhou, S.Ealick, A.A.Frederov and S.C.Almo, submitted, PDB 0. 05 mol per mol of PTH. On the other hand, the activity of PTH strongly depended on the addition of compounds entry 1PBN). The β-strands and α-helices of PTH, with the exception of α1, α4 and α6, have counterparts in such as KCl, MgCl 2 or spermidine (Table I) , which ensure correct folding of the substrate through the shielding of the purine nucleoside phosphorylase. These secondary structure elements have the same organization along the its polyanionic character. In the presence of either 10 mM MgCl 2 or 100 mM KCl, and of di-acetyl-lysyl-tRNA Lys two amino acid sequences. Superimposition of the two structures yields an r.m.s. deviation of 2.07 Å for 94 pairs as a substrate, the catalytic activity of PTH was not modified by the addition of 100 μM of either Co 2ϩ , Mn 2ϩ , of Cα compared. The phosphorylase structure, however, shows two additional strands such that the global fold is Zn 2ϩ or Ni 2ϩ , or by that of 1 mM o-phenanthroline. .proteolytica (B) . Schematic representations of the enzyme topologies are shown below each structure, with the β-sheets drawn as triangles and the α-helices as circles. The ribbon representations were generated with MOLSCRIPT (Kraulis, 1991) and Raster3D (Bacon and Anderson, 1988) . (A) The side chains of three residues are drawn with solid lines (see text). The two helices α4 and α6 which have no counterparts in the aminopeptidase structure are in red. Four short segments of 3 10 helices are not represented (see Figure 2 ). (B) For the sake of clarity, helices α1, α2 and α3, which have no equivalent in the PTH structure, have been omitted from the ribbon drawing. Helix α6 and strand β7, which also have no counterparts in PTH, are in red. The five residues ligating the two zinc atoms drawn as green spheres, are represented with solid lines.
surrounded by residues H20, D93 and H113 corresponded Table I . Activity of PTH under various assay conditions to the active site. In support of the idea that histidine residues are involved in the catalysis, we obtained full delimited by the C-terminal parts of β1 and β5 and the N-terminal parts of α1 and α3 ( Figure 3 ). Site-directed
The initial rate of hydrolysis of 0.7 μM di-acetyl-[ 14 C] Lys-tRNA Lys catalysed by PTH was measured as described in Materials and mutagenesis experiments were therefore undertaken to methods, in the presence of 20 mM Tris-HCl (pH 7.5), 0.1 mM confirm the role of putative active site residues.
EDTA, plus the indicated components. Measured initial rates are given within 10% accuracy.
Inactivation of the pth gene on the E.coli chromosome
To produce mutated PTH species devoid of wild-type Therefore, it appears that PTH is not and does not behave as a metalloprotein. Despite this conclusion, the PTH of chromosomal origin, an E.coli strain with a disrupted pth gene was necessary. Application of the resemblances between the hydrolase and the aminopeptidase enabled us to hypothesize that the cavity of PTH strategy of Hamilton et al. (1989) (see Materials and methods) yielded a strain, K37ΔpthTr, with a disrupted only source of PTH, these enzymes could be purified free of wild-type PTH. SDS-PAGE analysis of crude extracts copy of pth on the chromosome, but retaining a wildtype copy of pth on pMAKpth, a plasmid bearing a of K37ΔpthTr cells harbouring the pUCpth variants showed that all mutated enzymes were overexpressed. In thermosensitive replicon derived from the pMAK705 vector. At 30°C, a permissive temperature for pMAKpth the case of the H20A mutant, which did not support cell viability at a temperature non-permissive for pMAKpth replication, K37ΔpthTr grew, albeit at a rate slightly slower than that of the pth ϩ strain from which it was replication, overexpression was obtained in a pth ϩ context. Consequently, the H20A variant purified from derived. This difference might result from a positive polar effect of pth on the expression of the gpt gene, which is pUCpthH20A in strain JM101Tr was contaminated with wild-type PTH. immediately adjacent to pth on the chromosome. At the non-permissive temperature of 42°C, K37ΔpthTr no longer
The catalytic parameters of the PTH variants in the hydrolysis of di-acetyl-Lys-tRNA Lys were compared with grew, thereby definitely establishing the essential character of pth. In agreement with this conclusion, the pMAKpth those of the wild-type enzyme (Table II) . The N10A and D93A mutations reduced the catalytic efficiency by factors plasmid could be chased at 42°C provided that K37ΔpthTr had been transformed previously with pUCpth, a plasmid Ͼ100, mainly because of decreases in the k cat constants. The K m value of the substrate remained unchanged in the overexpressing wild-type PTH.
case of the N10A mutation, and was increased by a factor of 1.6 in the case of D93A. The catalytic efficiency of Characterization of residues crucial for the peptidyl-tRNA hydrolase activity the H20A mutant was decreased by a factor of Ͼ130. These data strongly suggest that the N10, H20 and D93 Site-directed mutagenesis was used to probe the role of H20, D93 and H113, as well as that of N10 and M67 residues are involved in catalysis, thereby validating the idea that the aforementioned crevice actually is the active which border the crevice of PTH. Because of its constrained geometry, with Ramachandran angles lying outsite. The F66A, M67A and H113A mutations also affected the k cat of PTH, although to smaller extents than the side of the favourable regions, F66 was also included in this analysis. Each of these six residues was substituted N10A, H20A and D93A ones.
Together with the analysis of the three-dimensional with alanine, and the corresponding genes expressed from the pUC18 expression vector. model, the results presented above designate residues belonging to the active centre of PTH. To analyse the activities of the mutant proteins in vivo, the plasmids were expressed in the context of the K37ΔpthTr strain. With the exception of the H20A mutant, Packing of the peptidyl-tRNA hydrolase molecules in the crystal indicates plausible positioning of the overexpression of all PTH mutants enabled the chase of the pMAKpth plasmid and restored cell growth at 42°C. peptide product at the surface of the enzyme As shown on the surface potential of PTH (Figure 4) , the Such behaviour demonstrates that each of the N10A, F66A, M67A, D93A and H113A mutated proteins compleactive centre makes part of a channel at the surface of the enzyme. In the crystalline form of PTH, this channel is ment the absence of wild-type PTH.
Since after chase of the pMAKpth plasmid, the partially occupied by three residues of the C-end of a neighbouring protein molecule. These residues establish K37ΔpthTr cells contained the mutated enzymes as the Fig. 3 . Location of the conserved residues (see Figure 2 ) in the three-dimensional model of E.coli PTH. The Cα trace of the PTH molecule is drawn. The positions of the conserved Gly residues are indicated as red segments. Residue Gly100, whose mutation into Asp is responsible for thermosensitive E.coli growth (Garcia-Villegas et al., 1991) , is labelled. The side chains of the non-glycine residues conserved in the PTH sequences are drawn as red sticks and labelled. Three non-conserved residues (F66, M67 and K142), included in our site-directed mutagenesis study, are shown in green. The figure was generated with Grasp close electrostatic contacts with several residues belonging to the active centre. As a consequence, the C-terminal residues of PTH are well ordered in the crystal, although they protrude outside of the protein. One possibility is binding, are strictly conserved in all the PTH sequences of Figure 2 . et al., 1991) . (C) Close view of the active site channel, with the four C-terminal residues of a neighbouring enzyme molecule shown as yellow sticks. The representation is the same as that of (D), except that the surface was made transparent in order to view the side chains of enzyme residues shown in purple. Represented are N10, N68 and N114, involved in the binding of main chain atoms of the three C-terminal residues of the neighbouring molecule, as well as H20 and D93, shown in this study to be crucial for enzyme activity. (D) Molecular surface of the protein showing the electrostatic potential calculated with the Delphi program and rendered with Grasp . Negatively charged regions are coloured in red and positively charged areas are in blue. The four C-terminal residues of a neighbouring PTH molecule, drawn as solid sticks, are visible at the back of the figure. The position of R133, whose mutation into His is responsible for the Rap phenotype (Garcia-Villegas et al., 1991) , is indicated, as well as that of K142.
Binding of the tRNA moiety of the substrate by
The second region corresponds to the α4 helix making a lid over the active site crevice. This helix is surrounded peptidyl-tRNA hydrolase The surface potential of PTH highlighted two cationic by glycine residues (G135, G140 and G151), indicative of mobility. Accordingly, the average temperature factors regions possibly involved in the binding of the tRNA moiety of the substrate (Figure 4) . The first one borders of the helix residues are among the highest in the threedimensional structure. K142 of the helix points towards the active site and is located at the opposite side of the part of the channel occupied in the crystal by the C-terminus of the catalytic crevice and might interact with tRNA. To investigate this idea, a K142A variant, capable upon a neighbouring protein molecule. An involvement of this region in the activity of PTH is indicated by the sensitivity overexpression of supporting the growth of the K37ΔpthTr strain at 42°C, was purified to homogeneity. Catalytic of R133 to mutation. Indeed, an E.coli strain with a pth gene carrying the R133H mutation shows PTH activity parameters of this enzyme are compared with those of wild-type PTH in Table II . The K m value for the hydrolysis reduced by a factor of 10 (Henderson and Weil, 1976; Garcia-Villegas et al., 1991) .
of di-acetyl-Lys-tRNA Lys was increased by a factor of Ͼ5, and could not be determined accurately. In contrast, the
Materials and methods
k cat value was not reduced by a factor Ͼ2. These results
Crystallization and data collection
are in agreement with the participation of K142 in the PTH was purified from overproducing cells as described (Dutka et al., productive binding of the tRNA moiety. One possibility 1993; Schmitt et al., 1997) . Suitable crystals for X-ray experimentation were obtained by using polyethylene glycol as precipitant and isopropanol was that this lysine recognized the 5Ј phosphate group of as additive (Schmitt et al., 1997) . Crystals obtained using these conditions tRNA. However, as shown in Table II A.proteolytica (Chevrier et al., 1994) . However, the UK) or with the XDS program (Kabsch, 1988) , and the data was mechanisms of action of these two enzymes appear differprocessed further using programs from the CCP4 package (Collaborative Computational Project No. 4, 1994) .
ent. In particular, a role for a metal ion could not be evidenced in the reaction sustained by the hydrolase.
Heavy atom and phase determination
Despite the different topologies of the two enzymes, their
For each atom derivative, sites were localized using difference Patterson comparison was helpful in the identification of residues syntheses. The position of the strongest site of the mercury atom of the important for PTH activity. Three residues, N10, H20 and PCMBS derivative was first identified. Further, this major site and the CCP4 program MLPHARE (Otwinowski, 1991) were used to calculate D93, appear deeply involved in the enzyme action. The SIR (single isomorphous replacement) phases, which were then used to counterparts of two of these residues in the three-dimen- (Table III) .
on the one hand, and the main chain carbonyl of the last peptidic bond (192) (193) of PTH on the other hand. We
Model building
assume that the binding of the last three residues of one
The determination of MIR phases allowed the calculation of MIR maps PTH molecule to another PTH molecule corresponds to a at 3.5 and 3.0 Å resolution. The phases were then improved by solvent product complex of the hydrolase. Interestingly, according flattening and histogram matching using the DM program (Cowtan, 1994) . In the resulting density maps, the secondary structures could be to this hypothesis, N10 would interact with that amide clearly identified, and model building was undertaken with the aid of bond of the substrate which is absolutely required for bones [calculated using MAPMAN (Kleijwegt and Jones, 1994) ] and enzyme action. Indeed, this amide bond corresponds to the O program (Jones et al., 1991) . The quality of the maps was such the N-blocked moiety which an aminoacyl-tRNA has to that all the peptidic backbone of the molecule could be constructed. The amino acid sequence was then aligned with the electron density by carry in order to be a substrate. To be an optimal substrate indentifying some well-defined aromatic residues. In particular the of PTH, a peptidyl-tRNA must carry at least four amino sequence 44 FFGY 47 of the PTH was used as the starting point for the acid residues (Shiloach et al., 1975a) . Notably, three sequence assignment. Hence, the complete amino acid sequence including residues of one PTH molecule occupy the active site of residues 1-193 could be fitted unambiguously in the electron density.
another PTH molecule in the crystal. Consequently, the Refinement binding of three residues of one PTH molecule in the
The model was first refined against the 8.0-3.5 Å native data (2σ cutactive site of another PTH molecule may also resemble off) using the program X-PLOR (Brünger, 1992a) . The crystallographic that of a tri-peptide esterified to tRNA. In this case, the R-factor for the starting model was 42.3%. A random sample containing site of cleavage of the ester bond would be close to N68, 6% of the total data (3276 out of 53 921 reflections) was excluded from the refinement and the agreement between calculated and observed N114 and H20, all three of which are strictly conserved structure factors for these reflections (R-free) was used to monitor the in the available PTH sequences. In this model, the ester course of the refinement procedure (Brünger, 1992b) . A round of bond would be presented in a productive manner to the positional refinement and simulated annealing (Brünger et al., 1987) active centre through tRNA interaction with the positively was performed by increasing the resolution to 2.35 Å. In parallel, the R-factor was lowered to 0.280 and R-free to 0.332. Refinement of the charged protein area typified by the R133 residue. Since atomic positions and of temperature factors was carried out. In this way, the distance between R133 and N68 is relatively short resolution was gradually increased to 1.2 Å. Positive peaks in F o -F c (~19 Å) with respect to the size of a tRNA, the elements maps were assigned as water molecules provided they had heights of tRNA recognized by PTH should be concentrated in a greater than four standard deviations above the mean value, and were at acceptable distances from protein and solvent polar atoms. A total of small region, possibly in the acceptor stem. Further studies 181 water molecules were added. Finally, alternative conformations were are required to validate the above ideas and to assess refined for 11 side chains. In each case, these alternative conformations possible conformational changes (Shiloach et al., 1975a) did not differ much from one another. The final R-factor of the refined model was 19.6% for all reflections between 8.0 and 1.2 Å (2σ cut-off).
upon complex formation. R-free was 21.5%. The stereochemistry and geometry were analysed were then plated at 42°C on LB medium containing ampicillin to chase pMAKpth, and purified twice at 37°C. The chase of the plasmid was using the program PROCHECK (Laskowski et al., 1993) . Co-ordinates have been deposited to the Brookhaven Protein Data Bank (accession verified by ensuring that the cells obtained had become chloramphenicol sensitive at 30°C. Cells in 1 l cultures were grown overnight in 2ϫ TY No. 2pth) where they will be held for 1 year. medium containing 50 μg/ml ampicillin and 0.3 mM isopropyl-β-Dthiogalactopyranoside (IPTG). Preparation of crude extracts and Site-directed mutagenesis The pth gene was cloned into the M13mp19 phage vector by inserting chromatography on Q-Sepharose and SP-Sepharose were performed as described previously (Schmitt et al., 1997) . According to SDS-PAGE the EcoRI-HindIII fragment from pUCpth. Oligonucleotide site-directed mutagenesis was then performed by using the resulting M13PTH singleanalysis, purified PTH variants were at least 95% homogeneous. stranded DNA as template, as previously described (Sayers et al., 1988) . The mutated genes were sequenced completely prior to re-insertion into Preparation of di-acetyl-lysyl-tRNA Lys Escherichia coli tRNA Lys was overexpressed in strain JM101TR from a the pUC18 expression vector. With mutant PTH capable of complementing the Δpth mutation of K37ΔpthTr (see below), the corresponding synthetic gene built as described previously (Commans et al., 1995) . Crude tRNA extract from this strain accepted 800 pmol of lysine per enzymes were produced in this strain in order to exclude contamination by wild-type PTH. This strategy applied to all mutants studied, except A 260 unit. tRNA Lys in this extract was fully lysylated within 5 min at 28°C in 4 ml of 20 mM Tris-HCl (pH 7.5), 7 mM MgCl 2 , 0.1 mM H20A which had to be produced in a pth ϩ context (strain JM101Tr; Hirel et al., 1988) .
EDTA, 60 μM [ 14 C]L-lysine (50 Ci/mol), 2 mM ATP, 120 μM tRNA and 2 μM E.coli LysS lysyl-tRNA synthetase (Brevet et al., 1995) . The reaction was quenched by the addition of 450 μl of 3 M sodium acetate Inactivation of the pth gene and purification of PTH variants Disruption of the pth gene was achieved by the method of Hamilton (pH 5.5) and precipitation with ethanol. The tRNA pellet was dissolved in 0.8 ml of 5 mM sodium acetate (pH 5.5) and centrifuged. Acetylation et al. (1989) . The pth gene in pUCpth (Dutka et al., 1993) was subcloned into pMAK705, a plasmid with a thermosensitive replicon carrying a of the supernatant was achieved at 0°C for 45 min by adding 1 ml of dimethylsulfoxide, 0.2 ml of glacial acetic acid and 0.2 ml of acetic chloramphenicol resistance gene (Hamilton et al., 1989) . The 94 bp MscI fragment of the pth gene was replaced by the Kan r cassette from anhydride. After ethanol precipitation and centrifugation, the pellet was dissolved in 0.5 ml of a solution containing 10 mM CuSO 4 and 0.36 M pUC4K (Pharmacia, Uppsala, Sweden), to give pMAKpthΔK. This plasmid was used to transform the E.coli strain K37 (galK, rpsL). The sodium acetate (pH 5.5), as described (Dutka et al., 1993) . After 30 min at 37°C, the sample was precipitated with ethanol and centrifuged. To integration of pMAKpthΔK into the chromosome was selected by plating transformants at 42°C on LB-agar medium containing chloramphenicol.
remove remaining copper ions, the tRNA pellet was dissolved in 400 μl of a 20 mM sodium acetate buffer (pH 5.5) containing 100 mM KCl After subsequent growth at 30°C for~40 generations, cells no longer carrying the plasmid in their chromosome were identified as chloram-(buffer A), and chromatographed on a Chelex 100 column (200 μl) equilibrated in buffer A. Finally, the di-acetyl-lysyl-tRNA Lys was precipitphenicol-sensitive colonies at 42°C. Approximately 40% of the selected clones also displayed thermosensitivity in the absence of chlorampheniated in ethanol and stored at -20°C. Before use, it was centrifuged and the pellet was redissolved in 5 mM sodium acetate (pH 5.5) containing col, thus showing that the only functional pth gene was carried by the plasmid and that the chromosomal pth gene had been replaced by the 0.1 mM EDTA. inactivated copy. One of these latter clones was made recombination deficient by transducing the recA56 allele from the Hfr strain JC10240
Dephosphorylation of tRNA Lys Dephosphorylation of 500 pmol of tRNA was carried out in 50 μl of (Csonka and Clark, 1980) , to give K37ΔpthTr. This strain contains a disrupted pth gene on its chromosome, and an active copy of pth on the 50 mM Tris-HCl (pH 8.5), 0.1 mM EDTA and 2.5 U of alkaline phosphatase from calf intestine (Pharmacia) for 30 min at 55°C. thermosensitive pMAKpth plasmid.
K37ΔpthTr cells were transformed at 30°C by a pUCpth plasmid Rephosphorylation in 20 μl was performed at 37°C for 30 min in 50 mM Tris-HCl (pH 8), 10 mM MgCl 2 containing 25 μM [γ-33 P]ATP containing the pth gene with the desired mutation. Transformed cells
